Plasmin activity obtained by incubating streptokinase derivatives with plasminogen also was studied as a function of time with each of the PEG-streptokinase derivatives. By this assay, incubations containing PEG-5-streptokinase and unmodified streptokinase demonstrated comparable activity while reaction mixtures containing PEG-2-streptokinase and PEG4-streptokinase were slightly more active. Streptokinpse incubated with plasminogen at a 1:1 molar ratio was extensively degraded after 30 min whereas PEG-2-streptokinase was resistant to plasmin cleavage. The derivatized proteins were radioiodinated and incubated in plastic microtiter plates that were coated with an immunoglobulin fraction containing antibodies to streptokinase. Binding of the PEG-streptokinase adducts was decreased by >95% compared with unmodified streptokinase. Plasminogen activator complexes were formed by reacting the streptokinases with human plasminogen in vitro and the clearance studied in mice. Radioiodinated plasmin in complex with the PEG-streptokinase adducts cleared at a slower rate than did plasmin complexed with unmodified streptokinase. Catabolism of the protease still occurred by a mechanism that involved reaction with a2-macroglobulin as has been described for nonderivatized streptokinase-plasminogen complex (Gonias, S. L., M. Einarsson, and S. V. Pizzo, 1982, J. Clin. Invest., 70:412-423). When more extensive derivatization procedures were utilized, PEG-2-streptokinase preparations were obtained that further prolonged the clearance of complexed 1251-plasmin;
Plasmin activity obtained by incubating streptokinase derivatives with plasminogen also was studied as a function of time with each of the PEG-streptokinase derivatives. By this assay, incubations containing PEG-5-streptokinase and unmodified streptokinase demonstrated comparable activity while reaction mixtures containing PEG-2-streptokinase and PEG4-streptokinase were slightly more active. Streptokinpse incubated with plasminogen at a 1:1 molar ratio was extensively degraded after 30 min whereas PEG-2-streptokinase was resistant to plasmin cleavage. The derivatized proteins were radioiodinated and incubated in plastic microtiter plates that were coated with an immunoglobulin fraction containing antibodies to streptokinase. Binding of the PEG-streptokinase adducts was decreased by >95% compared with unmodified streptokinase. Plasminogen activator complexes were formed by reacting the streptokinases with human plasminogen in vitro and the clearance studied in mice. Radioiodinated plasmin in complex with the PEG-streptokinase adducts cleared at a slower rate than did plasmin complexed with unmodified streptokinase. Catabolism of the protease still occurred by a mechanism that involved reaction with a2-macroglobulin as has been described for nonderivatized streptokinase-plasminogen complex (Gonias, S. L., M. Einarsson, and S. V. , J. Clin. Invest., 70:412-423). When more extensive derivatization procedures were utilized, PEG-2-streptokinase preparations were obtained that further prolonged the clearance of complexed 1251-plasmin; however, these adducts did not uniformly retain comparable activity. It is suggested that PEG-streptokinase complexes with greatly reduced antigenicity may be useful in the treatment of thrombotic disorders.
Streptokinase is a bacterial protein that forms, with human plasminogen, a noncovalent, one:one stoichiometric complex that functions as a plasminogen activator (1, 2) . The association of streptokinase with plasminogen is rapid, and the complex does not dissociate under neutral, nondenaturing conditions (3, 4) . Streptokinase is used to treat deep vein thrombosis (5) and myocardial infarction (6) . The amount of streptokinase required to achieve and maintain therapeutic levels is significantly affected by reactions of the plasminogen activator with plasma proteins. The streptokinase-plasmin complex is rapidly catabolized by the facilitated transfer of the plasmin to a2-macroglobulin (a2M)' in mice, and it has been suggested that the same reaction occurs in humans (7) . The a2M-plasmin complex is cleared from the circulation via specific a2M-protease receptors in the liver (7) . Streptokinase released from the complex also clears in the liver and may exist in a degraded form that clears more rapidly than native streptokinase (8) .
Immunoglobulins may neutralize intravenously administered streptokinase. High titers of antibody are present before therapy in some patients or may appear within 2 wk after an initial treatment, complicating long-term therapy (9) . Koide et al. (10) substantially decreased the reactivity of streptokinase with antibody (antigenicity) by conjugating the protein to polyethylene glycol (PEG; Mr 5,000), a nonantigenic polymer. The PEG was first activated by incubation with cyanuric chloride to form 2-O-methoxypolyethylene glycol-4,6-dichloro-S-triazene. Streptokinase was then modified by incubating the protein with the activated PEG, which binds to free amino groups. The PEG-derivatized streptokinase was not antigenic; however, the adduct lost 67-99% of its original plasminogen activating activity. Recently, this laboratory described a novel method of PEG activation, utilizing 1,l'-carbonyldiimidazole to form an imidazole carbamate derivative of the polymer ( 1). This activated PEG couples to lysine residues in proteins. Proteins derivatized with 1,l'-carbonyldiimadazole-activated PEG demonstrate significantly lengthened plasma half-lives and only minimally decreased activity (1 1). A modified streptokinase-plasmin(ogen) activator complex with these properties might have therapeutic advantages.
In the present study, streptokinase was derivatized with PEG (Mr = 2,000, 4,000, 5,000) and compared with the unmodified protein. Chromogenic substrate assays demonstrated that PEG-streptokinase complexes can be synthesized without substantial loss of activity. Steady-state kinetic parameters were measured for each derivative. An in vitro radioligand-binding assay showed that the derivatized protein reacted poorly with human antibodies directed against streptokinase. The clearance rates of plasmin and streptokinase from preformed activator complexes containing PEG-modified protein were also studied. A mouse model is particularly useful for these clearance experiments because mouse plasminogen does not react with streptokinase, although mouse and human a2M react with activator complex formed with human plasmin(ogen) similarly (7). Thus, it is possible to study the clearance of streptokinase and streptokinase-plasmin(ogen) complex in the same animal model.
Methods
Reagents. Bovine serum albumin and 1,l'-carbonyldiimidazole were obtained from Sigma Chemical Co., St. Louis, MO; Na'251 from New England Nuclear, Boston, MA; lactoperoxidase coupled to Sepharose from P-L Biochemicals, Inc., Milwaukee, WI; and electrophoresis reagents from Bio-Rad Laboratories, Richmond, CA. The plasmin
was purchased from the Helena Laboratories, Beaumont, TX; PEG-4 (Carbowax 4000) was purchased from Fisher Scientific Co., Raleigh, NC; PEG-2 and PEG-5 from Polysciences, Inc., Warrington, PA. Spectrapor dialysis tubing (Spectrum Medical, Inc., Los Angeles, CA) was obtained from Fisher Scientific Co. All other reagents were of the best grade commercially available.
Proteins. Plasminogen was prepared from human plasma by affinity chromatography on lysine-Sepharose as described by Deutsch and Mertz (12) and modified by Brockway and Castellino (13) (18) .
Protein radiolabeling. Proteins were radioiodinated by the solidstate lactoperoxidase method as previously described (19 Steady-state kinetics as determined by initial rate measurements. The kinetics of plasminogen activation by streptokinase-plasmin(ogen) and PEG-streptokinase-plasmin(ogen) were examined as described by Wohl et al. (20, 21) . Studies were conducted at 370C using the plasmin substrate S-225 1 NJ) equilibrated in PBS. Elution fractions were monitored at X = 280 nm and the first major protein peak retained for preparation of microtiter plates for radioligand-binding assays.
A volume of 0.2 ml of the immunoglobulin-enriched fraction was added to each well of a 24-well Linbro microtiter plate and incubated for 3 h at 220C without rocking. Each well was then washed three times with 1.0 ml of PBS and then incubated with 0.5 ml of a 10 mg/ ml albumin solution for 2 h at 220C with rocking. This second incubation was utilized to saturate remaining protein-binding sites on the plastic. The wells were washed with PBS after aspiration of the albumin solution. Protein-binding experiments were performed with 0.3 ml of '25l-streptokinase or PEG-'251-streptokinase (protocol A) in PBS at 220C. In one experiment, '251-streptokinase, 10 nM, was incubated at times between 15 min and 6 h. In other experiments, the concentration of radioligand was varied and the time of incubation was 6 h. Binding experiments were terminated by removing the radioligand solution and washing the wells three times with PBS. Protein bound to the wells was solubilized in 0.1 N NaOH for 12 h. '25I streptokinase or '25I-PEG-streptokinase complex that was recovered with the bound protein was quantified in a gamma counter (American Scientific Products, model AW14120). Equivalent incubations were performed in microtiter wells coated with albumin but not immunoglobulin-enriched fraction. Specific binding of radioligand was calculated as the difference in total binding observed between wells prepared with and without the immunoglobulin-enriched fraction. All experiments were performed in duplicate and the results were averaged. Individual variation for each point was generally <5%.
Plasma elimination studies. Radiolabeled ligands were injected alone or in the presence of unlabeled proteins into the lateral tail veins of CD-l female mice. In most experiments, 1.0 Mg of 1251-labeled protein was injected. Blood samples of 25 Ml were obtained at various time intervals by puncture of the retroorbital venous plexus with heparinized capillary tubes. Previous studies with CD-I female mice from the same supplier indicate that high titers of antistreptokinase antibodies are not present in the serum of these mice (7). Moreover, the variation in clearance behavior with streptokinase and each preparation of PEG-streptokinase tested in multiple mice obtained in different lots was generally <5% at each time point. The radioactivity in each sample was measured in a gamma counter. Experiments were performed with and without trichloroacetic acid precipitation of sampled blood, yielding similar data. Non-TCA precipitable counts represented <3% of the total counts at each time point studied. This procedure is described in detail elsewhere (7) .
Organ distribution studies. Animals were injected with radiolabeled ligand and then killed by cervical dislocation. Major body organs including kidneys, liver, lungs, heart, spleen, and gut were recovered, and retained radioactivity was measured in a gamma counter.
Results
Steadystate kinetic parameters as determined by initial rate measurements. The kinetic parameters of activation of plasminogen by streptokinase-plasmin(ogen) and the different PEG-streptokinase-plasmin(ogen) complexes are shown in Fig. 1 A shows that the amount of plasmin activity observed was comparable when PEG-5-streptokinase and native streptokinase were studied. When the reaction mixture contained PEG-2 or PEG-4, significantly more activity was observed. Streptokinase derivatized with PEG-2 by protocols A and B possessed the best activator function based on steady-state kinetics studies. PEG-2-streptokinase prepared either by protocol A or B generated similar amounts of plasmin activity over an extended period of time (Fig. 1 B) . It was, therefore, decided to examine dervatives formed by incubating strepto kinase with activated PEG-2 for longer periods of time. Because Degradation ofstreptokinase-plasmin(ogen) complexes. The autodegradation of streptokinase-plasmin(ogen) complexes then was studied (Fig. 2) . In that plasmin activity was nearly -r~~~~~. Figure 2 . Degradation of streptokinase in activator complex. Streptokinase was incubated with plasminogen at a 1:1 molar ratio for 30 min and sodium dodecyl sulfate polyacrylamide gel electrophoresis performed and the gels scanned as previously described (22). Curve 1 is native streptokinase; curve 2 is native streptokinase incubated with human plasminogen. Curve 3 is PEG-2-streptokinase and curve 4 is PEG-2-streptokinase incubated with human plasminogen. maximal after 30 min incubation (Fig. 1) , streptokinaseplasmin(ogen) complexes were prepared at a 1:1 molar ratio and incubated for 30 min. This experiment demonstrated extensive degradation of the streptokinase to fragments of molecular weights comparable to those reported for streptokinase in complex with rabbit plasmin (24) . Degradation was considerably more extensive than previously observed when streptokinase was reacted with human plasminogen (8) . However, in these previous studies, the incubation time was only 2-5 min as contrasted to 30 min. It is suggested that the plateau in plasmin activity (Fig. 1) is the result of digestion of the streptokinase in complex with plasmin.
Antigenicity ofPEG-modified streptokinase. Radioiodinated streptokinase bound significantly to microtiter wells that were coated with the antistreptokinase immunoglobulin-enriched serum. Specific binding ranged between 60% and 80% of the total binding, and free and bound radioligand were in apparent equilibrium within 6 h (data not shown). This time period was chosen for comparison of the PEG-derivatized streptokinases with the unmodified protein. Each of the covalent PEGstreptokinase complexes studied demonstrated significantly reduced capacity to bind to the protein coated wells at all of the concentrations studied (Fig. 3) . No attempt was made to determine whether this decreased binding represented thermodynamic and/or kinetic control of the reaction. Specific binding of PEG-streptokinase complexes ranged between 30% and 50% of the total binding. At a ligand concentration of 100 nM, binding of the PEG derivatives was -5% that of native streptokinase. These data are consistent with a significantly reduced antigenicity of streptokinase after PEG modification.
Plasma elimination of native and PEG-modified streptokinase. The clearance of streptokinase derivatized with PEG-2, PEG-4, and PEG-5 (protocol A) was studied in mice. Control experiments were performed in which the streptokinase was incubated with nonactivated PEG before injection. The nonconjugated PEG had no effect on the clearance of streptokinase. Nonderivatized streptokinase cleared rapidly with 50% elimination occurring in -4 min (Fig. 4 ). An organ distribution study showed that the majority of the radioactivity localized in the liver and kidneys in 15 min. All of the PEG-streptokinase derivatives cleared at a slower rate than the unmodified protein. The time required for the first 50% of each derivative to clear was 20 min, 15 min, and 7 min for PEG-2-streptokinase, PEG-4-streptokinase, and PEG-5-streptokinase, respectively. Because mouse plasminogen does not form activator complex with streptokinase, these data do not reflect catabolic rates in man. However, these studies do demonstrate alteration of streptokinase properties after PEG coupling, as described with other proteins (1 1 plasmin binds rapidly to a2-antiplasmin, and the complex is cleared by specific receptors in the liver (7, 25) . Plasmin(ogen) as complexed with streptokinase reacts with a2M and is cleared from the circulation by a separate system of liver receptors. Fig. 5 shows clearance of preformed plasminogen activator consisting of '251I-plasmin and the streptokinase derivatives (protocol A). '251I-plasmin that was bound to unmodified streptokinase cleared rapidly, with a 50% elimination time of 3 min. '25I-plasmin that was incubated with PEG-5-streptokinase cleared significantly slower. The first 50% of the radioligand was eliminated within 13 min; however, the clearance curve was at least biphasic and a significant component cleared very slowly. After 1 hr, 37% of the radioactivity was still present in the circulation and the clearance had plateaued. These data suggest that PEG-5-streptokinase-plasminogen complex is less reactive with protease inhibitors in vivo when compared with unmodified plasminogen activator complex. '251-plasmin in complex with PEG-2-streptokinase and PEG-4-streptokinase was 50% eliminated in 7 min and 3-4 min, respectively.
Clearance competition experiments were performed in which '25I-plasmin-PEG-4-streptokinase was injected in the presence of a 600-fold molar excess of a2M-methylamine. Human a2M-methylamine binds to cell membrane receptors accessible to the vascular compartment and interferes with the clearance of mouse a2M-protease complexes that are formed simultaneously (26) . Fig. 5 shows that the competing ligand decreased the rate of clearance of the radioiodinated plasmin. This result indicates that the modified plasminogen activator reacts with a2M in vivo, similarly to the unmodified streptokinase-plasmin(ogen) complex, albeit at a slower rate.
Plasma elimination of '25I-plasmin complexed with PEGstreptokinase prepared under different reaction conditions. Fig.  6 compares the clearances of the PEG-2-'251-streptokinase derivatives prepared according to protocols A, B, and C. Both sets of alternative reaction conditions (protocols B and C) yielded preparations that cleared slower than PEG-2-streptokinase prepared by protocol A. These data most likely reflect more extensive derivatization of the streptokinase.
Activator complex was formed by incubating radioiodinated human plasminogen with the PEG-2-streptokinase derivatives from protocols B and C. These complexes cleared from the circulation at rates that were significantly prolonged when compared with '25I-plasmin activator complexes formed with PEG-2-streptokinase prepared according to protocol A (Fig.  7) . These data suggest that the more extensively derivatized PEG-2-streptokinase preparations are less reactive with the plasma protease inhibitors.
Discussion
The efficacy of streptokinase in the treatment of thrombotic disorders is determined by several parameters including the ability of streptokinase to form an activator complex with plasminogen, the plasma concentration of antibody to streptokinase before streptokinase infusion, the ability of the streptokinase to react with antibody (antigenicity), the reactivity of the streptokinase-plasmin complex with a2M, and the stimulation of the immune system by the infused streptokinase (immunogenicity). The rapid and strong immune response associated with intravenous streptokinase infusion frequently limits the duration of therapy (27). This has prompted attempts at chemical modification of streptokinase in order to produce derivatives that are nonantigenic (see reference 26 for review). Such derivatives could still be utilized in patients with high antibody titers. Koide et al. (10) derivatized streptokinase with PEG-5 that was activated by the cyanuric chloride method. These preparations did not react with antistreptokinase sera; however, the nonantigenic protein lost at least 67% of the original activity. The immunogenicity of this preparation was not studied. A new method for activating PEG has recently been described (11 We also studied the plasmin activity obtained by incubating streptokinase or PEG-streptokinase with plasminogen as a function of time. In these studies PEG-derivatized streptokinase preparations yielded activities comparable with those of the native streptokinase. In view of the decreased catalytic efficiency of the modified activator preparations, these data were somewhat unexpected. However, the activity of PEG-streptokinase is influenced by factors other than initial rates of plasminogen activation. For instance, protection of the derivatized streptokinase from proteolytic attack by plasmin, in that PEG is coupled to lysine residues (11), may preserve streptokinase activity over time even though the initial rates are lower. This could explain the discrepancy between the steady-state kinetic data calculated from initial rates and the plasmin activity observed when PEG-streptokinase was incubated with plasminogen as compared to streptokinase. This discrepancy was particularly evident with PEG-5-streptokinase where kinetic constants could not be calculated. This question was addressed in experiments designed to detect degradation of streptokinase in activator complex.
Previous studies demonstrated that streptokinase is extensively degraded when in complex with rabbit plasminogen for 2-5 min (24) . Human plasminogen complexed to streptokinase resulted in much less degradation under these conditions (8) . However, when studied at 30 min, we found that streptokinase was extensively degraded when in complex with human plasminogen. Coupling of PEG-2 to the streptokinase significantly decreased degradation. These studies directly establish that PEG coupling to lysine residues protects the streptokinase from proteolytic attack. Therefore, the amount of plasmin activity observed in an incubation mixture containing PEGstreptokinase will depend not only on the kinetics of reaction, but also on the rate at which the streptokinase is subject to autodigestion. The decreased susceptibility of PEG-streptokinase to autodigestion is sufficient to offset the decreased catalytic efficiency of PEG-streptokinase (Fig. 1) .
Moreover, as demonstrated in clearance studies discussed below, -40% of the injected PEG-2-streptokinase prepared by protocol B remains in the circulation after several hours. Under physiologic conditions, protection from autodegradation, therefore, is a significant factor in the potential ability of the streptokinase to function as a plasminogen activator in vivo,. despite loss of catalytic efficiency.
Modification of streptokinase with PEG-2, PEG-4, or PEG-5 also resulted in a dramatic decrease in antigenicity. Each derivative possessed only -5% of the reactivity demonstrated by unmodified streptokinase when incubated with antistreptokinase immunoglobulins bound to plastic microtiter wells. These data are consistent with the previous finding of Koide et al. (10) that PEG modification substantially decreases the antigenicity of streptokinase. It should be noted that no attempt was made in the present work to assess the immunogenicity of our preparations. In general, however, loss of antigenicity is accompanied by a significant decrease in immunogenicity (28, 29) . This question will require further investigation.
Plasminogen activator complexes formed with PEG-streptokinase derivatives and radioiodinated human plasminogen cleared at a slower rate from the circulation of mice than did complex formed with unmodified streptokinase. It was previously demonstrated that catabolism of activator complex in this animal model reflects reaction with mouse a2M (7). Evidence was also presented to suggest that the equivalent reaction may be important in determining the plasma half life of streptokinase in man. The murine clearance data presented here indicate that reaction of a2M with PEG-streptokinase activator complex in vivo occurs less readily. It is hypothesized that this decrease in reactivity might significantly lengthen the plasma survival of the thrombolytic agent in patients. Theiss et al. (30) recently presented data obtained from patients with deep vein thrombosis which support this hypothesis. These investigators measured a2-antiplasmin and a2M levels in patients treated with urokinase or streptokinase. Both fibrinolytic agents caused a2-antiplasmin levels to drop comparably to -20% of pretreatment level. A significant decrease in a2M levels was detected only in streptokinase-treated patients (55% of pretreatment level). a2-Antiplasmin is the primary inhibitor of free circulating plasmin, although a2M also will react with the protease when significant amounts are generated (31) . The disproportionately large depletion of a2M in streptokinasetreated patients may be explained by reaction with activator complex as well as excess plasmin.
Many of the clearance curves presented in this manuscript were multiphasic or nonlinear. This type of curve would be expected if the extent of PEG derivatization was heterogeneous; however, other explanations are also possible including distribution of radioligand into the lymphatics and extracellular space and interaction with the endothelium. The possibility that antibody mediates this nonlinear clearance behavior seems unlikely in view of the poor reactivity of our PEG-streptokinase preparations with human antibodies.
By altering the conditions for reacting PEG-2 and streptokinase, derivatives were obtained that cleared from the circulation of mice at slower rates. This has been observed with other proteins and is considered evidence for more extensive modification (1 1). Because catabolism of the streptokinaseplasmin complex in mice involves transfer of the plasmin to a2M (7), it is possible that the larger PEG-5 adduct most effectively protects the plasmin bound to PEG-streptokinase from undergoing the transfer reaction. When the smaller PEG-2 derivative is utilized, the extent of derivatization must be greater in order to impair the transfer reaction to a degree comparable to that seen with the PEG-5-streptokinase-plasmin complex.
In summary, derivatization of streptokinase with carbonyldiimidazole-activated PEG yields proteins that maintain good activator function in vitro and are protected from proteolytic degradation, but lose 90-95% of the capacity to bind to immunoglobulins. PEG-2-streptokinase derivatized with activated PEG-2 at a concentration of 80 mM appears to possess the best functional properties inasmuch as it demonstrated only modest changes in steady-state kinetics constants, whereas incubation of this derivative with plasminogen resulted in plasmin activity comparable with that of native streptokinase over a 2-h period. This derivative also formed an activator species with plasminogen that had the longest in vivo survival. The activator complexes formed with the derivatized streptokinases may react more slowly with a2M in vivo than does native streptokinase. Thus, these preparations are free of the typical problems associated with the administration of streptokinase and have potential as improved therapeutic agents.
